In recent years, increasing interest has been given to the rotordynamic fluid forces on impellers, from the view point of the shaft vibration analysis. Previous experimental and analytical results have shown that the fluid-induced forces and moments on closedtype pump impellers contribute substantially to the potential destabilization of subsynchronous shaft vibrations. However, to date few papers are known of the rotordynamic fluid forces on open-type centrifugal impellers. This paper reports about experimental investigations of the rotordynamic fluid force moments on an open-type centrifugal compressor impeller in precessing motion. For open-type impellers, the variations of the tip clearance and the clearance between the back shroud and casing due to the precessing motion contribute to the rotordynamic fluid force moments. Experiments were conducted to measure the rotordynamic fluid force moments directly using the 4-axis sensor, and the unsteady pressure on the front and back casing wall.
INTRODUCTION
For turbomachinery operating at supercritical shaft speed it is important to understand the characters of rotordynamic fluid forces and moments on impeller which occur in response to shaft vibration. Figure l(a) shows the typical vibration of overhung impeller. The motion of impeller can be divided into two fundamental modes (Ohashi et al., 1991) . One is whirling motion, and the other is precessing motion. The vibration of a rotating impeller (rotational speed ) can be dissolved into two modes; whirling with a constant eccentricity, c, as shown in Figure l For whirling motion, many experimental and analytical data have been obtained on the rotordynamic fluid forces on pump impellers, mainly at Caltech and the University of Tokyo. It is now widely recognized that for closed-type centrifugal impellers the fluid forces become destabilizing for the forward whirl generally at whirl speed ratio (/ a;) less than 0.5 (Jery et al., 1985 , Bolleter et al., 1987 , and Ohashi et al., 1988 . The destabilizing forces are caused by the unsteady interaction between the impeller and volute casing (Adkins et al., 1988, and Tsujimoto et al., 1988A) or vaned diffuser (Tsujimoto et al., 1988B) , or by unsteady leakage flow between impeller shroud and casing (Childs, 1989, and Guinzburg et al., 1994) . The results are summarized in the recent textbooks of Childs (1993) and Brennen (1994) . For precessing motion, Ohashi et al. (1991) have shown that, from direct force measurements on a closed-type pump impeller, the fluid force moments become destabilizing for the forward precessing speed ratio (f/) less than 0.5. This range of destabilizing speed ratio is quite similar to that of the whirling cases as mentioned above. Yoshida et al. (1997) Figure 2 shows the sketch of the mechanism used to generate the precessing motion. The inner sleeve supports the main shaft through two eccentric inner bearings set to produce a pure precessing motion. The main shaft is driven by an AC motor with the rotational speed (w) through a universal joint, and the outer sleeve is driven by a DC motor controlled to run at a prescribed speed (f). This in term is the precessing speed. The precessing angular velocity, 9t, is defined as positive when it is in the same direction as the impeller rotation, w. The main shaft speed was maintained at 400 + rpm, and the precessing speed ratio (f/) was varied in the range from -1.4 to / 1.4. Uncertainty in the precessing speed ratio, 2/, is + 0.002. Figure 3 Figure 3 show the locations of pressure taps to measure the steady and unsteady pressure. P1 P3, P6, and R1 R4 were used to measure the steady pressure with a manometer. In addition to this, P1 P5 and R1 R4 were used to measure the unsteady pressure using pressure transducers to estimate the pressure force moments on the impeller (described later). P1 P3 on the casing, wall are facing the impeller tip, and R1 R4 on the back casing wall are facing the impeller back shroud. The diameter of the pressure taps, P1 P3, is mm and silicone oil is filled in the cavity in front of the pressure transducers. The pressure transducers at P4, P5 and R1 R4 were installed flush with the casing wall. P4 and P5 are located at different circumferencial positions (separation angle 60 deg.) to facilitate the examination of the circumferential propagation of a rotating flow instability. The resonance frequency of the measurement system is 2.2 kHz, while the blade passing frequency is 80 Hz (= Z x /27r.).
RESULTS AND DISCUSSIONS
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-1,5 -1 -0.5 0 0.5 1.5 FIGURE The fluid force moments on the back shroud, and the front surface of the impeller are calculated using the direct measurements of the fluid force moment and the unsteady pressure measurements on the back casing wall to obtain a better understanding of their origin.
Unsteady pressure on the back casing wall (Ap at locations R1, R2, R3, and R4) consists mainly of the precessing frequency component. Force Moments on Front Surface of Impeller Estimated from Unsteady Pressure Two simple estimations of the force moment on the front surface of the impeller are employed. The first is the integration of the pressure distribution on the front casing wall. In this case the forces resulted from the pressure distribution and the momentum transfer at the impeller inlet and outlet, and the rate of change of fluid momentum in the impeller are neglected. The second is the integration of the blade forces evaluated from the pressure difference across the blade measured on the front casing wall. This corresponds to the nonuniform blade loading model in axial flow turbine proposed by Thomas (1958) and Alford (1965) . 
